Abstract-More than 100,000 tons of 2,4,6-trinitrotoluene were produced at the former ammunition site Werk Tanne in ClausthalZellerfeld, Germany. The production of explosives and consequent detonation in approximately 1944 by the Allies caused great pollution in this area. Four soil samples and three water samples were taken from this site and characterized by applying chemicalanalytical methods and several bioassays. Ecotoxicological test systems, such as the algal growth inhibition assay with Desmodesmus subspicatus, and genotoxicity tests, such as the umu and NM2009 tests, were performed. Also applied were the Ames test, according to International Organization for Standardization 16240, and an Ames fluctuation test. The toxic mode of action was examined using bacterial gene profiling assays with a battery of Escherichia coli strains and with the human liver cell line hepG2 using the PIQOR Toxicology cDNA microarray. Additionally, the molecular mechanism of 2,4,6-trinitrotoluene in hepG2 cells was analyzed. The present assessment indicates a danger of pollutant leaching for the soil-groundwater path. A possible impact for human health is discussed, because the groundwater in this area serves as drinking water.
INTRODUCTION
The former ammunition site Werk Tanne in Clausthal-Zellerfeld (Lower Saxony, Germany) played a significant role in explosives production during World War II. On this site, mainly 2,4,6-trinitrotoluene (2,4,6-TNT) was manufactured. Furthermore, bombs and grenades were filled here with 2,4,6-TNT and other explosives. A third activity was the re-extraction of 2,4,6-TNT out of prey munitions and duds. The maximum level of explosives production and processing occurred during the year 1943, in which 28,000 tons of 2,4,6-TNT were produced and 20,000 tons of explosives processed. The detonation in 1944 destroyed the main parts of the explosives factory. Consequently, the production of 2,4,6-TNT could not be continued, but the bottling of bombs and grenades with explosives went on. One main problem of the 2,4,6-TNT production was the resulting wastewater. Altogether, 5,400,000 m 3 of toxic wastewater were produced during the operation time of this site. The environmental damage was additionally increased by the destruction of the facility.
Today, this site remains highly polluted with explosives and their metabolites as well as with polycyclic aromatic hydrocarbons (PAHs) and heavy metals. Consequently, a risk for contamination of drinking-water resources exists around Clausthal-Zellerfeld, because pollutant leaching to the soilgroundwater path from this site is possible. Already, efforts have been made to examine the water-extractable toxic potential of soil samples from this area [1] . It is well known that 2,4,6-TNT and other nitroaromatics exhibit an extensive haz-* To whom correspondence may be addressed (adolf.eisentraeger@post.rwth-aachen.de).
ard to humans and animals. For example, the median lethal dose (oral administration) of 2,4,6-TNT is 800 to 1,300 mg/ kg, and a mutagenic potential for this substance has been determined both in vitro and in vivo [2] . Exposure to 2,4,6-TNT or its decomposition products is linked to an increased risk for developing acute myelogenous leukemia in humans [3] . Routine assessment of contaminated sites is based on chemical-analytical quantification of the main pollutants, and concentrations of these pollutants are reduced during remediation. Today, however, it is well known that focusing on single hazardous compounds does not in all cases lead to a reduction of the ecotoxic or genotoxic potential [4] .
To contribute to an assessment of the former ammunition site Werk Tanne, four soil samples and three water samples were examined. The environmental samples were analyzed with a combination of chemical-analytical methods and various bioassays. The water-extractable ecotoxic and genotoxic potential of the soil samples was assessed by performing a batch extraction with water [1, 5] , applying bioassays and a strategy according to guidance regarding both the ecotoxicological characterization of soils and soil materials [6] and the choice and evaluation of bioassays for ecotoxicological characterization of soils and soil materials currently under discussion in International Organization for Standardization (ISO) TC190 SC 7 [7] . The hydrophobic ingredients of water extracts and water samples were extracted using Serdolit PAD-1 beads (Serva Electrophoresis, Heidelberg, Germany) as solid-phase material [1, 4] . Therefore, the solid-phase extract of the water extract gives information regarding the more lipophilic contaminants (e.g., PAHs) in the soil samples that can be extract with water and that might migrate to the groundwater. The water extract, the solid-phase extract of the water extract, and the aquatic samples were investigated using the same aquatic bioassays.
The combined application of chemical analyses and bioassays provided detailed information about the toxic effects of the environmental samples, which is in contrast to the usual assessment of contaminated sites. Additionally, the origin of the toxicity could partly be identified by comparing the toxic potential of the environmental samples with the concentrations of the pollutants and its single substance median effective concentration (EC50). In particular, the involvement of 2,4,6-TNT to the toxic potential of this area should be analyzed. Application of a bacterial gene profiling assay with a battery of Escherichia coli strains assessed the mode of action at the molecular level. Because the stress gene promoters used are well conserved throughout a broad range of organisms, including many eukaryotes, the obtained gene induction profile is indicative of the toxic mode of action of the environmental sample. Humans can take up toxic substances of the assessed area through drinking water, so the mode of action in human liver cells is of particular importance. Because cDNA microarrays are a useful tool for analyzing the toxic mode of action on the DNA level [8] , human liver cells (hepG2) were exposed to the environmental samples, and the subsequently induced gene expression was analyzed with cDNA microarrays. The hepG2 cells also were incubated with an aqueous solution of 2,4,6-TNT to examine the mode of action of the pure-substance 2,4,6-TNT and to compare the resulting mode of action with that of the environmental samples. Thus, the potential risk from 2,4,6-TNT in the environmental samples might be estimated.
MATERIALS AND METHODS

Sample collection
Four soil samples (CWT-1a, CWT-1b, CWT-1c, and CWT1d) as well as three water samples (CWT-D1, CWT-P1a, and CWT-P3) were collected in Clausthal-Zellerfeld in Germany for assessment of the former munition site Werk Tanne.
The soil samples were taken at a depth of approximately 0 to 30 cm after the sods were removed. The sample CWT1a was taken from a site where 2,4,6-TNT was re-extracted out of prey munition and duds. The samples CWT-1b and CWT-1c were collected from a former repository for prey munitions and duds. The area where the sample CWT-1c was taken was remediated in the year 1990. Finally, a control soil, CWT-1d, was taken distant to the explosives production and repository.
The surface-water sample CWT-D1 was collected from a little beck, which passes the former explosives production site. The sample CWT-P1a was taken from the inflow to a filtration system with activated carbon at a depth of approximately 150 cm. The sample CWT-P3 was already filtered with activated carbon.
Preparation of water extracts of soil samples
To analyze the water-extractable toxic potential of soil samples, water extraction was performed using a ratio of soil dry matter to Millipore water (Millipore, Schwalbach, Germany) of 1:2 (250 g dry wt soil and 500 ml of water), which is comparable to the draft method DIN EN 12457 part 1 [5] . The suspension was placed on an overhead shaker for 24 h and then centrifuged for 30 min at 10,000 g. The supernatant was filtered with a glass-microfiber filter (type A/E, 47 mm in diameter; Pall Corporation, East Hills, NY, USA) and stored at 4ЊC in Duran glass bottles (Schott Rohrglas, Mitterteich, Germany) in the dark for maximum of 10 d.
Preparation of solid-phase extracts of water samples and of water extracts
To extract the hydrophobic ingredients of water samples and of water extracts of soil samples, Serdolit PAD-1 beads were used as solid-phase material. The hydrophobic ingredients of water samples were concentrated by a factor of 30 by mixing 750 ml for 2.5 h with 10 g of Serdolit PAD-1 beads pretreated with 25 ml of methanol. The hydrophobic ingredients of water extracts of soil samples were concentrated by a factor of 15 in the same way by using sample volume of 375 ml. It was assumed that the hydrophobic ingredients were of higher concentrations in the water extracts of soil samples compared with those in the water samples.
The beads were removed from the samples and dried under a nitrogen atmosphere. The dried beads were then extracted with a mixture of nine parts dichloromethane and one part methanol. One milliliter of dimethyl sulfoxide was added to the solvent, which was then evaporated under a nitrogen atmosphere to a final volume of 1 ml. The concentrated sample was adjusted with Millipore water to a volume of 25 ml. The final dimethyl sulfoxide concentration was 4%. The solidphase extracts were stored for maximum of 8 d at 4ЊC.
Physicochemical methods
The pH of the soil samples was measured according to DIN ISO 10390 [9] with a 1 M KCl solution. For this purpose, the soils were dried and sieved according to DIN ISO 11464 [10] . The water content of soil was determined with the halogen moisture analyzer HB43 (Mettler Toledo, Giessen, Germany). Heavy metals in the water samples, water extracts, and soil samples were analyzed with inductively coupled plasma-mass spectrometry. The following elements were determined according to DIN 38406-29 [11] : Nickel, copper, zinc, chromium, and cadmium. The inorganic anions chloride, fluoride, nitrite, nitrate, bromide, phosphate, and sulfate of the water samples and water extracts of the soil samples were determined with a DX-100 ion chromatograph (Dionex, Sunnyvale, CA, USA). Organic matter of the water extracts of the soil samples was verified through loss on ignition. Nitroaromatics of water samples, water extracts, and soil samples were quantified using a Hewlett-Packard (Böblingen, Germany) 1100 high-performance liquid chromatography (HPLC) system with a diodearray detector (ultraviolet setting, 235 nm). Calibration was done with standard mixtures (U.S. Environmental Protection Agency [U.S. EPA] 8330 mix A and U.S. EPA 8330 mix B [Supelco, Bellefonte, PA, USA]). The preparation of the soil samples as well as the extraction of nitroaromatics from the soil samples were done in accordance with U.S. EPA method 8330 [12] . The PAHs of the water extracts and of the water samples were determined using HPLC with an associated fluorescence detector. Calibration was done with a standard mixture (Standard Reference Material 1647d; National Institute of Standards and Technology, Gaithersburg, MD, USA).
Preparation of aqueous solutions with nitroaromatics
The nitroaromatics analysis of water samples and water extracts of soil samples showed that 2,4,6-TNT and 1,3-dinitrobenzene (1,3-DNB) could be washed out from the soil in the water extract with the applied method. Therefore, the toxic potentials of 2,4,6-TNT and of 1,3-DNB as aqueous solutions of pure substances were analyzed and compared with the toxic potentials of the environmental samples. A defined amount of the respective compound was mixed with 500 ml of Millipore water and eluted for 24 h at room temperature. The solution was filtered with a glass-microfiber filter (type A/E, 47 mm diameter; Pall Corporation) and stored at 4ЊC for a maximum of one month. The concentrations at the beginning of the tests were quantified by HPLC (see Physicochemical methods).
Ecotoxicological methods
The luminescence inhibition assay with Vibrio fischeri, algal growth inhibition test with Desmodesmus subspicatus, and Daphnia magna Strauss immobilization test were conducted following standard procedures (ISO 11348-1 [13] , ISO 8692 [14] , and ISO 6341 [15] ). Additionally, the luminescence inhibition assay was performed in the microtitration scale according to the method described by Schmitz et al. [16] . The algal growth inhibition test was carried out both in 24-and 96-well microplates [17] .
Growth inhibition assays with Vibrio fischeri and Pseudomonas putida were performed using PC-controlled microplate incubators and photometers (IEMS-reader; Thermo Life Sciences, Basingstoke, UK). The final test volume was 200 l/well. The test with V. fischeri was based on DIN 38412 L37 [18] and the test with P. putida on ISO 10712 [19] .
For the water samples and the water extracts, the ecotoxic potential was expressed as the median effective loading (EL50; i.e., the proportional concentration of sample causing 50% inhibition) given as the proportionate amount of the extract and as the lowest ineffective dilution (LID; i.e., the dilution at which the effect is slightly Ͻ20%; the prerequisite is a dilution series using a factor of two). The ecotoxic potential of the aqueous solutions of the nitroaromatics 2,4,6-TNT and 1,3-DNB was expressed as EC50 values. The EC50 values were calculated from the sigmoidal concentration-inhibition curves fitted by probit analysis using the maximum likelihood solution [20] . Confidence limits were calculated by the equation from Finney [20] and Weber [21] .
The contribution of one toxin-for example, 2,4,6-TNTto the ecotoxic potential of the water samples or the water extracts of the soil samples was estimated by calculating toxic units (TU) as defined by Grote et al. [22] :
where C is the concentration. A TU value in the range of one or greater indicates a significant involvement of the respective toxin with the toxicity of the sample.
Genotoxicological methods
Genotoxicity was determined with three bacterial shortterm tests based on the induction of the emergency repair (SOS) response [23] as a direct relation to the degree of DNA damage. The SOS test assay was performed with E. coli PQ37 [24] , the umu test with Salmonella choleraesius subsp. chol. (previously Salmonella typhimurium) TA1535/pSK1002, and the NM2009 test system with S. choleraesius subsp. chol. NM2009 (TA1535/pSK1002/pNM12) [25, 26] . The test systems were performed consistently using microplates following ISO 13829 [27] . All genotoxicity tests were conducted with and without metabolic activation. The genotoxic potential of the various samples was assessed according to ISO 13829 [27] . This means that the test results are valid and can be interpreted if the growth factor of the bacteria exceeds 0.5. Then, the induction rates both with and without metabolic activation are calculated, and dose-response relationships can be generated. Finally, the lowest dilution value of the dilution series at which the induction rate is lower than 1.5 (D LI ) is calculated.
Ames test and Ames fluctuation test
The Ames test was performed with S. typhimurium TA98 and TA100 and evaluated according to ISO 16240 [28] . A test sample or a test dilution is evaluated as being mutagenic if an increase of 80 mutant colonies per plate is achieved for strain TA100 and 20 mutant colonies per plate for strain TA98. Then, the lowest dilution at which no genotoxic effects is found (D min ) is determined.
Additionally, the Ames fluctuation test was conducted according to the method described by Reifferscheid et al. [29] using the same strains as used in the Ames test. The bacterial strains were grown overnight in Oxoid broth no. 2 (Oxoid, Basingstoke, Hampshire, UK), with shaking at 37ЊC. Ampicillin (50 g/ml) was added to the overnight cultures to select for plasmid pKM101. The cultures of S. typhimurium TA98 and TA100 were exposed to the test material in an adequate optical density. The test material dilutions were preincubated in triplicate with and without S9 mix for 100 min at 37ЊC with shaking. Thereafter, the mixtures were diluted sixfold with histidine-deficient minimal medium containing a pH indicator. The subsequent selection phase took place at 37ЊC for 48 h. A color change of the pH indicator as consequence of bacterial growth indicates reversions.
In the case of the Ames fluctuation test, the test substances were considered to be mutagenic if they produced statistically significant concentration-dependent increases in the number of revertant wells. The results were evaluated by nonparametric chi-square test ( p Ͻ 0.05), as recommended by Green et al. [30] and Gatehouse [31] . For the Ames fluctuation test, LID values were defined as the smallest volume ratio of a mixture containing a sample with dilution water, exposure medium, buffer if essential S9 mix, and inoculum for which the increase of revertants was not significant.
Bacterial gene profiling assay
The bacterial gene profiling assay uses a battery of modified E. coli strains. In each strain, a stress gene promoter, which responds to a special kind of stress, such as DNA damage, protein perturbation, oxidative stress, and growth arrest, is linked to a reporter gene. Thus, induction of the promoters by the sample can be determined. Because the stress gene promoters used are well conserved throughout a broad range of organisms, including many eukaryotes, the obtained gene induction profile is indicative of the toxic mode of action of the environmental sample.
All bacterial strains used for this procedure except the SOS chromotest strain are based on E. coli K12 derivative SF1, which contains the lac 4169 mutation, deleting the complete lac operon, and rpsL, rendering the strains resistant to streptomycin. All reporter constructs are promoter:lacZ fusions that are present as single copies on the bacterial chromosome [32] . The PQ37 strain, as described above for the SOS chromotest, is derived from E. coli GC4436 and carries the lacZ gene under control of the sfiA operon belonging to the SOS response system. All strains were cultured in Luria-Bertani broth (LB;
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Growth, dosing, and lysis
Throughout the assay, the follow-up of growth and the measurement of the reporter gene activity were performed through optical density measurements on ELx808 spectrophotometers (Biotek, Winooski, VT, USA) operated with the KC4 software distributed by the same supplier. Bacterial cultures were inoculated from frozen aliquots 15 to 18 h before use in 2-ml volumes of LB supplemented with NaCl to 5 g/L. Growth of the precultures was done overnight in 50-ml Falcon tubes at 37ЊC and 250 rpm. The turbidity of the overnight cultures at 600 nm was confirmed to exceed 2.0 before proceeding with the assay. At the end of the overnight incubation, 50 l of all cultures were aseptically added (one strain/row) to 250 l of LB in column 12 of a 96-well, sterile, flat-bottomed, polystyrene microtiter plate. Columns 2 to 11 were filled with 200 l of LB and, using column 12 as a predilution container for its respective row, received 25 l from the prediluted strains. Column 1 was used as a blank and received 225 l of LB. In accordance with their background and maximum expression level, strains were grouped on two plates, with one plate receiving the katG, micF, osmY, uspA, recA, and zwf promoter fusions, designated as FAST, and the second plate receiving the clpB, umuDC, merR, ada, dinD, soi28, nfo, and sfiA promoter fusions, designated as SLOW. The bacterial plates were inoculated in triplicate on three separate plates, and a check for uniform plating was performed by a next turbidity measurement at 600 nm. The plates were then put to the incubator at 200 rpm and 37ЊC for 90 min, allowing resuscitation. After the 90-min incubation period, all plates were dosed with the test compounds, the optical densities at 600 nm (OD 600 nm ) before and after dosing were measured, and the plates were returned to the incubator for a 90-min exposure phase. Columns 5 to 11 received increasing concentrations of compound. Columns 2 to 4 served as a negative control for determining the basal ß-galactosidase expression level for each promoter and, thus, were only dosed with solvent. At the end of the exposure period, the OD 600 nm was determined again, and 30 l of a solution of 4% Triton X-100 (Fluka Chemie, Buchs, Switzerland) and 0.5 mg/ml of Polymixine B (Sigma Aldrich, Munich, Germany) were added as a lysing agent. The plates were then returned to the incubator for 15 min at 37ЊC and 100 rpm to allow lysis.
ß-Galactosidase assay
Immediately after the 15-min lysis period, 60 l of lysate were transferred to previously prepared assay plates containing 200 l of reaction buffer (10.70 g/L of Na 2 HPO 4 ·2H 2 O, 5.50 g/L of NaH 2 PO 4 ·H 2 O, 0.75 g/L of KCl, and 0.25 g/L of MgSO 4 ·7H 2 O adjusted to pH 7.0 and supplemented with 0.8 mg/ml of o-nitrophenyl-␤-D-galactopyranoside). All salts in the reaction buffer were purchased at VWR International (Zaventem, Belgium). The assay plates were incubated at room temperature for 10 or 30 min for the FAST and SLOW set, respectively. The optical densities at 420 nm were measured immediately after starting the reactions and after incubation at the end of the test.
The bacterial gene profiling assays were evaluated by calculating the enzyme activity and the fold-induction at any given dose i for every strain through a set of formulas as follows: 
where PE is postexposure, SE is start exposure (postdose), and PD is predose. The consideration of the OD 600 nm values before dosing corrects for possible color interference of the dosed toxicant. The formula assumes exponential growth during the exposure phase:
Activity i Fold induction ϭ (3) Average activity negative controls All calculations were performed using standard statistical algorithms provided by Statistica (Ver 6.0; StatSoft, Tulsa, OK, USA). Regressions were done using GraphPad Prism (Ver 4.0; GraphPad Software, San Diego, CA, USA), and if removed, outliers were determined using the Grubbs algorithm at the ␣ ϭ 0.05 confidence level. If applicable, the removal of outliers is indicated in the captions of the respective tables and graphs. The checks for normality were conducted in Minitab (Ver 14.20; Minitab, Harrisburg, PA, USA). Fold-inductions were considered to be statistically significant based on a number of criteria: First, the presence of a dose-response relationship (r 2 Ͼ 0.50 was considered to be significant in a general linear model for n ϭ 8, p Ͻ 0.05) and a positive slope significantly different from zero ( p Ͻ 0.05); and second, foldinduction significantly different from and higher than the blank, as confirmed by Dunnett's tests ( p Ͻ 0.05). As such, the variance in baseline expression level is taken into account for every individual strain in every triplicate assay. A general cutoff value is not employed. Hence, highlighting a result in the tables as being significant is a statement regarding statistical significance, not regarding a significant biological effect for the bacterial cell. Therefore, the induction profiles show the mode of action of the potential toxicological stress in the samples or extracts thereof.
Complementary DNA microarray assay
The cDNA microarray assay was conducted using the PI-QOR Toxicology microarray (Miltenyi Biotec, BergischGladbach, Germany). This microarray was spotted with 1,107 human genes. The microarray genes comprised the subject areas of apoptosis, DNA damage and repair, inflammation, cell proliferation and response to oxidative stress, and xenobiotic metabolism (phase I/phase II enzymes). The gene expression profiles of the water extracts of the soil samples CWT-1a and CWT-1b were determined. Additionally, the gene expression profile of an aqueous 2,4,6-TNT solution was analyzed to elucidate the influence of 2,4,6-TNT.
The human liver cell line hepG2 was exposed to a defined concentration of the test materials for 6 and 24 h. For each sample, a test material concentration causing a cytotoxic effect of less than 15% after 24 h was chosen: 5% (v/v) of water extract CWT-1a, 20% (v/v) of water extract CWT-1b, and a 0.301 mg/L solution of 2,4,6-TNT. After the exposure time, the cells were harvested and frozen in liquid nitrogen. For Environ. Toxicol. Chem. 26, 2007 A. Eisentraeger et al. a CWT ϭ sample taken at Werk Tanne (in Clausthal-Zellerfeld, Germany; CWT is followed by the sample number). a CWT ϭ sample taken at Werk Tanne (in Clausthal-Zellerfeld, Germany; CWT is followed by the sample number); ⌺PAHs ϭ sum polycyclic aromatic hydrocarbons; ND ϭ not determined; ϽDL ϭ less than the detection limit.
each experiment, a control was conducted with sterile doubledistilled water, which was the solvent of the test material. For the microarray analysis, mRNA was isolated, and the mRNAs of the control cells and the exposed cells were labeled with different fluorescence markers before hybridization to the cDNAs on the microarray. The control was labeled with Cy3, a green fluorescence marker, and the exposed cells with Cy5, a red fluorescence marker. After hybridization, specific fluorescence patterns were generated and detected using a fluorescence scanner. For interpretation, those genes that showed a 1.4-fold deviation from the control (up-and down-regulation) were taken into account.
RESULTS
Physicochemical characterization of soil samples, water extracts, and water samples
The physicochemical characteristics of the soil samples, the water extracts, and the water samples are summarized in Tables  1 and 2 .
The soil sample CWT-1a had a very high content of 2,4,6-TNT (Ͼ5 g/kg). Additionally, levels of 39.2 mg/kg for 1,3,5-trinitrobenzene and 6.1 mg/kg for 1,3-DNB were determined. The sample CWT-1b also was polluted with 2,4,6-TNT, but concentrations were much lower than in the sample CWT-1a. In contrast to sample CWT-1a, the reduction products of 2,4,6-TNT, 2-amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene, were detected in sample CWT-1b. No nitroaromatics were found in the remediated soil CWT-1c or in the control soil CWT-1d. In all four soil samples, a very high lead content was determined, especially in soil CWT-1b (12.9 g lead/kg dry wt soil). The water extract of sample CWT-1a was contaminated with 61.9 mg/L of 2,4,6-TNT and 0.9 mg/L of 1,3-DNB. The 1,3,5-trinitrobenzene of the soil CWT-1a was not extractable; neither was the 2,4,6-TNT of the soil CWT-1b. The concentration of lead in the water extracts was high, but in comparison to the soil samples, only a small fraction was dissolved for all four samples. No PAHs could be verified in the water extracts.
The surface-water sample CWT-D1 had an increased content of zinc in comparison to the other water samples. However, the heavy metal pollution of the water samples was low overall. Neither nitroaromatics nor PAHs were detected.
Water-extractable ecotoxic potential of the samples on algae, daphnids, and bacteria
The data regarding the water-extractable ecotoxic potential of the soil samples and the ecotoxic potential of the water samples are presented in Table 3 .
Sample CWT-1a had an extremely high water-extractable ecotoxic potential, because the tests with algae, daphnids, and V. fischeri showed very high LID values and very low EL50 values. In particular, the luminescence inhibition assay with V. fischeri was very sensitive to the water-extractable pollutants in this sample. The result of the algal growth inhibition a CWT ϭ sample taken at Werk Tanne (in Clausthal-Zellerfeld, Germany; CWT is followed by the sample number); ND ϭ not determined. b Value are presented as the lowest ineffective dilution according to the standard/median effective concentration of the water extract for inhibition. (Table 4 ) indicate a negative influence of 2,4,6-TNT on the growth of algae and V. fischeri as well as on the immobilization of daphnids and, especially, on the luminescence of V. fischeri. The concentration of 2,4,6-TNT in the water extract was more than 25-fold higher than the EC50 value of 2,4,6-TNT in the algal growth inhibition assay. In contrast, the bacterium P. putida tolerated these high concentrations of 2,4,6-TNT (Table  3) . The water extract of soil CWT-1b also showed an ecotoxic potential. Again, the luminescence inhibition assay was the most sensitive test. In this case, the main water-extractable pollutant was lead. The lead content of the water extract CWT1b was significantly involved in the water-extractable ecotoxic potential determined in the luminescence inhibition assay, as the associated TU value (Table 3) indicated.
The water extracts CWT-1c and CWT-1d had no ecotoxic potential. This is in agreement with the results of chemical analysis that clearly demonstrated these samples were not contaminated. The results show that the soil sample CWT-1c was remediated successfully not only with respect to the results of chemical analysis but also with respect to the water-extractable ecotoxic potential.
For the water samples, a low ecotoxic potential was determined in the luminescence inhibition assay. The origin of the ecotoxic potential could not be identified with the applied analytical methods.
Water-extractable genotoxic and mutagenic potential of the samples on bacteria
The water-extractable genotoxic and mutagenic potential of soil samples was quantified to assess whether genotoxic ingredients of these samples might be mobilized and migrate to the groundwater. The results of the water extracts and of the water samples taken at the site are given in Table 5 . Both the water extracts and the water samples were extracted with Serdolit PAD-1 beads. By this resin, the hydrophobic ingredients of the aqueous samples, such as PAHs, were concentrated with a factor of 15 for water extracts and a factor of 30 for water samples.
For the umu, NM2009, and SOS tests, the D LI values are given in Table 5 Table 5 . In this case, a value of one indicates that no mutagenic potential exists.
The water-extractable genotoxic potential of the soil CWT1a was very high in every test system for the water extract and the solid-phase extract. Especially high was the D LI value of the solid-phase extract in the NM2009 test without metabolic activation. This indicated a high sensitivity of the NM2009 test to the concentrated hydrophobic ingredients of this sample. Because the NM2009 test strain has a very high activity of the enzyme o-acetyltransferase, it is very sensitive to aromatic amines and nitroaromatics. In Figures 1 and 2 , the genotoxic potential of 2,4,6-TNT and 1,3-DNB, which were contained in the CWT-1a water extract and were concentrated in the solid-phase extract, is presented. The NM2009 test strain was very sensitive to both nitroaromatic substances. For 2,4,6-TNT, a concentration of 13.06 mg/L was evaluated as genotoxic (umu and SOS tests: A concentration of 25.16 mg/L was evaluated as genotoxic) (Fig. 1) . A genotoxic potential of 1,3-DNB was only determined with the NM2009 test; here, 1,3-DNB was genotoxic at a concentration of 15.2 mg/L (Fig. 2) . Therefore, both nitroaromatic substances contributed to the determined genotoxic potential. Additionally, because the genotoxic potential was higher without metabolic activation, the original contained substances, such as 2,4,6-TNT, exhibit a 640 Environ. Toxicol. Chem. 26, 2007 A. Eisentraeger et al. , LID ϭ lowest ineffective dilution according to the respective standard; ϪS9/ϩS9 ϭ without and with metabolic activation; CWT ϭ sample taken at Werk Tanne (in Clausthal-Zellerfeld, Germany; CWT is followed by the sample number); ND ϭ not determined; cyt. ϭ cytotoxic.
higher genotoxic potential than the metabolized derivates by mice liver enzymes of the S9 mix. A high water-extractable mutagenic potential of soil CWT1a was determined in the Ames test as well as in the Ames fluctuation test for both applied strains, TA98 and TA100, with and without metabolic activation. The Ames fluctuation test also revealed a cytotoxic effect for high concentrations of the water extract without metabolic activation toward the TA100 strain (data not shown). Again, the mutagenic potential is higher without metabolic activation, which indicates that the original substances are more mutagenic than the metabolized substances.
For the water extract of the soil CWT-1b, a genotoxic potential was detectable only with the NM2009 test. Concerning the solid-phase extract, all three test systems (especially the NM2009 test) indicated a genotoxic potential. Therefore, again, the NM2009 test was very sensitive to the water-extractable hydrophobic ingredients of the CWT-1b soil. The determined genotoxic potential of the solid-phase extracts cannot be a result of the lead concentration, because lead is a hydrophilic substance; it is the result of unknown hydrophobic substances. The high sensitivity of the NM2009 test indicates a contribution of nitroaromatics to the genotoxic potential.
The mutagenic potential was only determined for the water extract of soil CWT-1b with the Ames fluctuation test. No significant increase of revertants was found in the Ames fluctuation test for the water extract CWT-1b. This means that the high lead content does not provoke a mutagenic potential in this test system.
For the soils CWT-1c and CWT-1d, a low water-extractable genotoxic potential was verified only for the solid-phase extracts with the NM2009 test without metabolic activation. Furthermore, a mutagenic potential was determined for the respective solid-phase extracts in the Ames fluctuation test. The mutagenic potential of the CWT-1c solid-phase extract determined with the TA98 test strain was higher than that of the CWT-1d. This might be caused by a small residue of explosives in the remediate soil CWT-1c in contrast to the reference soil CWT-1d.
The water samples had no genotoxic or mutagenic potential. After the solid-phase extraction, the NM2009 test indicated a genotoxic potential for the water samples CWT-P1a and CWT-P3. Because the NM2009 test is highly sensitive to nitroaromatics, an increase of the concentration of hydrophobic ingredients, which also include nitroaromatics, by a factor of 30 is enough to provoke a genotoxic potential. The genotoxic potential of the solid-phase extract of CWT-P3 is lower than that for CWT-P1a. This means that the filtration with activated carbon reduced the genotoxic potential.
Bacterial gene profiling assay
Significant fold-inductions of the promoters in the bacterial gene profiling assay of the water extracts, the water samples, and the respective solid-phase extracts are presented in Table  6 . Each of the different promoters is induced by a specific type of stress; as such, the profile obtained reflects the toxic mode of action of the sample applied to the bacterial cells.
Generally, the fold-inductions of the samples and extracts remained low; only few exposures showed significant foldinductions well above two. Nevertheless, the inductions were statistically significant and could be used to assess the toxic mode of action of the samples. Additionally, the results of the bacterial gene profiling assay could be compared to the set of short-term genotoxicity tests, in which induction of the umuC (umu and NM2009 tests) and the sfiA (SOS chromotest) genes was determined.
The water extract CWT-1a induced the sfiA promoter, which is a component of the SOS response triggered by DNA damage; the induction already was determined in the SOS chromotest. Furthermore, the gene profiling assay discovered a significant induction of the clpB promoter, indicating protein perturbation, and of the nfo, zwf, soi28, and katG promoters, which are induced by oxidative stress. The induction of the umuC gene promoter, which was shown in the umu and NM2009 tests, also was seen in the bacterial gene profiling assay, but in that assay, the umuDC expression was not increased significantly. This could be the result of the lower concentration of sample applied to the bacterial gene profiling assay.
The associated solid-phase extract induced not only the SOS response (recA) but also other DNA damage markers (umuDC and dinD) and caused DNA methylation (ada). The induction of the sfiA gene promoter, which also is a component of the SOS response, already was shown in the SOS chromotest for the solid-phase extract. In the bacterial profiling assay, the induction of the sfiA gene promoter was increased for the solidphase extract, but not significantly so. The significant induction of the umuDC gene promoter for this sample is in good agreement with the results of the umu and NM2009 tests. In contrast to the water extract, the solid-phase extract did not cause protein perturbation, but the genes, which except for the katG promoter are associated with oxidative stress, also were induced significantly. The solid-phase extract also caused osmotic stress (micF and osmY) as well as general stress (uspA) in the bacterial cell.
The water extract CWT-1b induced the SOS response (recA), oxidative stress (nfo, zwf, and katG), and general stress (uspA). The respective solid-phase extract induced the SOS response (recA and sfiA), DNA methylation (ada), and other DNA damage markers (umuDC and dinD). It also induced oxidative stress (nfo), general stress (uspA), and osmotic stress (osmY). In contrast to the bacterial gene profiling assay, an induction of the umuC gene promoter was found in the umu test after the incubation with the water extract CWT-1b. However, the remaining comparable results are in good agreement with those of the genotoxicity short-term assays. The CWT-1c water extract provoked DNA methylation (ada), protein perturbation, oxidative stress (katG), osmotic stress (micF), and general stress (uspA) markers. The solid-Environ. Toxicol. Chem. 26, 2007 A. Eisentraeger et al. phase extract induced genes that encode components of the SOS response (sfiA and recA), and the dinD promoter. It did not trigger the protein perturbation response, but like the water extract, it stimulated oxidative (zwf), osmotic (osmY), and general stress (uspA) signals. The CWT-1c solid-phase extract did not induce the sfiA but did induce the umuC gene promoter in the genotoxicity short-term assays. The water extract of the CWT-1d soil did not stress the bacterial cell, but the respective solid-phase extract induced the SOS response (recA and sfiA) and other DNA damage markers (dinD and umuDC), as well as oxidative stress (zwf and soi28), osmotic stress (osmY), and general stress (uspA) signals. For the solid-phase extract, the genotoxicity short-term assays revealed an induction of the umuC gene promoter but no induction for the sfiA promoter.
Concerning the water samples, the CWT-D1 sample led to a significantly increased induction of the ada promoter, which is associated with DNA methylation. The CWT-P1a water sample induced the dinD and ada promoters, which are both associated with DNA damage in the bacterial cell, as well as the osmY promoter, indicating osmotic stress. The solid-phase extract also induced the dinD and osmY promoters but, additionally, caused the SOS response (sfiA) and other DNA damage (umuDC) as well as oxidative stress (zwf and soi28) and general stress (uspA) markers. Furthermore, the CWT-P1a solid-phase extract induced the umuC gene promoter in the NM2009 test.
The water sample as well as the solid-phase extract CWT-P3 induced DNA methylation (ada) and another DNA damage marker (dinD). Additionally, the water extract caused general stress (uspA) and the solid-phase extract oxidative stress (soi28) signals. The CWT-P3 solid-phase extract induced the umuC gene promoter in the NM2009 test.
In general, the results of the genotoxicity short-term assays for the induction of sfiA and umuC gene promoter and are in good agreement with the results of the bacterial gene profiling assay. Differences might be caused by the applied sample concentration as well as the different test systems. The bacterial gene profiling assay gives more details concerning the molecular mode of action, because 14 end points are considered.
Complementary DNA microarray assay
To estimate the effects of contaminated drinking water in humans, DNA expression profiles in human liver cells (hepG2) were analyzed for the prepared water extracts CWT-1a and CWT-1b and then compared with the DNA expression profile of 2,4,6-TNT. Figure 3 shows the number of common up-and down-regulated genes after exposure to water extracts CWT1a and CWT-1b and to the aqueous solution of 2,4,6-TNT.
The best concordance in the gene expression profiles was found between the water extract CWT-1a and the aqueous 2,4,6-TNT solution. This was particularly true for the 24-h response, whereas the 6-h response only comprised five upregulated genes and one repressed gene. The commonly regulated genes did not define a single biological response but, rather, were recruited from very different areas. Among the 24-h up-regulation response are four genes that encode components of the extracellular matrix (MMP10, TIMP1, COL4A5, and OPN), two proteins that were chaperons (HSP70.2 and SODD), and three genes that were annotated as having a connection to heme (HMOX1, ENOS, and UMAT). The protein aggregation marker SQSTM1 also was found in this group. Additionally, the genes FYN, GG2-1, HJ1 , PRKCE, TNFRSF4, and ZF9 were up-regulated after 24 h of exposure. The five genes (ALDH3, GCLM, HJ1, HMOX1, and TNFRSF4) of the 6-h up-regulation response mostly formed a subset of the 24-h up-regulation. Most of the genes that down-regulated after 24 h of exposure were liver-markers (AACT, ACSL3, ANG, FGB, FGG, HMDH, HP-HPR, MAOA, MMP11, SHP, UGT2B4, and XBP1). The 6-h down-regulation response comprised only a single gene, SOCS1, which is a ubiquitin ligase and suppressor of cytokine signaling.
The best concordance between all three test treatments was found in the 24-h up-regulation of genes. Of 11 commonly up-regulated genes, four had a role in glutathione metabolism (GSR, GLCLC, GCLM, and MGST). In addition, three genes (TXN, TXNRD1, and GSR) belonged to the GO-category GO: 0016668 (oxidoreductases acting on sulfur groups''). Other members of this group were the two aldehyde dehydrogenases (ALDH1 and ALDH3), the epoxide hydroxylase (EPHX1), the (unresolved) hydroxysteroid dehydrogenase group (AKR1C1/ 2/3/4), and the ABC transporter (ABCC2). All genes in this class belonged to a typical detoxification pathway. Among the 6-h up-regulated genes, three were transcription factors of the generalized stress response (ATF3, ATF4, and CMYC). Two more genes encoded detoxification enzymes (GLCLC and TXNRD1), which also were regulated after 24 h of exposure and were mentioned above. Additionally, the marker gene for protein aggregation, SQSTM1, was up-regulated. After 24 h of exposure, only a single gene (CTGF) was down-regulated between all three treatments. No commonly regulated gene was found in the 6-h down-regulated set.
Only a few genes were common to both the water extract CWT-1b and 2,4,6-TNT (24-h up-regulated: ABCC3 and In conclusion, all three test samples provoked detoxification in liver cells. A high agreement was found in the expression profile of the CWT-1a water sample, which contains 2,4,6-TNT, and the aqueous 2,4,6-TNT solution. For both samples, genes of the extracellular matrix, a marker gene for protein aggregation, and genes related to a heme group were specifically induced. Liver marker genes were specifically reduced. The exposure of liver cells to 2,4,6-TNT thus leads to different regulation pathways.
DISCUSSION
Water-extractable ecotoxic and genotoxic potential
The former munition site Werk Tanne, which was used for explosives production during World War II, is still contaminated with nitroaromatics and heavy metals (Table 1 ). In particular, the soil CWT-1a from the TNT re-extraction site has a very high content of 2,4,6-TNT. The soil sample CWT-1b from the repository of munitions contains a high lead concentration. Assessments of the water-extractable ecotoxic potential and of water samples from the site show that these substances are water extractable and that toxic substances might leach into the water path. The remediated soil CWT-1c exhibits no ecotoxic potential; the reduction of 2,4,6-TNT in the remediated soil eliminates that potential (Table 3) .
The results of the three genotoxicity tests (umu test, NM2009 test, and SOS chromotest) show that the water-extractable genotoxic potential of soil sample CWT-1a also is very high (Table 5 ) and that it is reduced significantly by the remediation process. Furthermore, the results indicate a high sensitivity of the NM2009 test toward the water extracts CWT1a and CWT-1b. The S. typhimurium NM2009 strain is very sensitive to nitroaromatics [34] . Therefore, the high sensitivity of the NM2009 test toward the water extracts of the soil samples CWT-1a and CWT-1b probably is explained by the genotoxic effect of the nitroaromatics in the samples.
The water extract CWT-1a contains the nitroaromatics 2,4,6-TNT and 1,3-DNB (Table 2) . Testing these two single substances as aqueous solutions showed that they exhibit a genotoxic potential (Figs. 1 and 2 ). All three genotoxicity tests show a concentration-dependent increase in the induction rate for 2,4,6-TNT. In the umu test and the SOS chromotest, there arises a genotoxic potential from 13.06 mg/L, and in the NM2009 test, a genotoxic potential arises from 6.29 mg/L. For 1,3-DNB, a genotoxic potential was determined in the NM2009 test from 15.2 mg/L. On the one hand, the high sensitivity of the NM2009 test was confirmed by these analyses; on the other hand, it was shown that both substances contribute to the genotoxic potential of the CWT-1a water extract. Because the 1,3-DNB content in this water extract is very low (Table 2) , 2,4,6-TNT causes the main part of the genotoxic potential. This is in accordance with the fact that the removal of 2,4,6-TNT during remediation caused a significant reduction of the genotoxic potential.
For the CWT-1b water extract, the applied analytical method did not discover a contamination with nitroaromatics. Concerning the soil samples CWT-1c and CWT-1d, a very low Environ. Toxicol. Chem. 26, 2007 A. Eisentraeger et al. Fig. 3 . Venn diagrams of up-and down-regulated genes after 6 and 24 h in the cDNA microarray analysis. The liver cell line hepG2 was treated with the soil water extracts CWT-1a and CWT-1b as well as with an aqueous solution of 2,4,6-trinitrotoluene (2,4,6-TNT). CWT ϭ sample taken at Werk Tanne (in Clausthal-Zellerfeld, Germany; CWT is followed by the sample number).
water-extractable genotoxic potential was measured only for the solid-phase extracts with the NM2009 test (Table 4) . Because the control soil CWT-1d shows the same, albeit slight, effect in strain NM2009, a clear genotoxic potential cannot be determined.
The results for the Ames fluctuation test for the solid-phase extracts of these soil samples confirm the results of the genotoxicity tests and reveal an increased mutagenic potential of the solid-phase extract CWT-1c in comparison to the control soil CWT-1d (Table 4) . Therefore, toxic compounds remain in the remediated soil CWT-1c, causing a very low mutagenic potential of the solid-phase extract. Altogether, the water extracts indicate a pollutant leaching of ecotoxic, genotoxic, and mutagenic substances. In particular, 2,4,6-TNT, 1,3-DNB, and unknown nitroaromatics are responsible for the toxic potential. A comparison of the high water-extractable ecotoxic and genotoxic potentials of sample CWT-1a with those of all the other samples tested shows that the metals are not the main toxicants (Tables 3 and 5 ). The results of chemical analyses show that only low amounts of these metals are water extractable (Tables 1 and 2) .
Through soil-water extracts, the bioavailable fraction of contaminants that might migrate to the groundwater can be estimated [35] . The analysis of the water samples completed this estimation. An ecotoxic potential of the water samples could be determined with the luminescence inhibition test with V. fischeri. After concentrating the organic substances of the water samples CWT-P1a and CWT-P3, the NM2009 test showed a genotoxic potential. As mentioned, the NM2009 test is very sensitive to nitroaromatics; therefore, it is possible that the genotoxicity is generated by unknown nitroaromatics. The toxic potential of the water samples confirms that pollutants are leached from this area. Nevertheless, the proportion of nitroaromatics in the water samples is low in comparison to the amounts that are present in the contaminated soil sample CWT-1a, which is the reason why the contaminants are still present in the soil samples after more than 60 years.
Metabolic activation by the S9 mix causes a decrease of the genotoxic and mutagenic potential in all test systems and all solid and aqueous samples applied here, both in the water extracts and in the solid phase extracts of these water extracts (Table 5 ). This indicates that the mutagenic potential is reduced by enzymatic activity in liver. Because of these similar results, the number of test systems applied for routine assessment can be reduced.
The three genotoxicity test systems (umu test, NM2009 test, and SOS chromotest) are based on the same test principle. In all three test strains, the reporter gene lacZ is fused to a gene of the bacterial SOS repair. In bacteria, the SOS repair is induced by DNA damages. By activating the SOS repair, the DNA repair is initiated, prophages induced, cell division inhibited, and mutation rate increased. With the umu and NM2009 tests, induction of the SOS gene umuC is quantified. The umuC gene product, in conjunction with the umuD gene Hazard assessment of a former ammunition site Environ. Toxicol. Chem. 26, 2007 645 product, is responsible for error-prone DNA repair [36] . With the SOS chromotest, induction of the sfiA gene is measured.
The sfiA gene product takes part in the inhibition of cell division. Therefore, the induction of SOS repair-linked genes is an indicator for DNA damage and, indirectly, for mutations. More details regarding the molecular processes in the bacterial cell of a sample are provided by the bacterial gene profiling assay with a battery of 14 E. coli strains. A number of different effects in the bacterial cell, including DNA and membrane damage, protein perturbation, growth arrest, and oxidative stress, are examined by measuring the induction of various stress gene promoters that are fused to the reporter gene lacZ. As for the DNA damage responses, not only the SOS repair but also the DNA damage by alkylating agents, oxidative stress, and the DNA damage-inducible response are considered to be evidence for DNA damage. To measure the induction of the sfiA gene, the same strain is used in the SOS chromotest and in the bacterial gene profiling assay, but under different test conditions. The induction profiles are evaluated on the statistical significance of the individual dose responses and, therefore, reflect the toxicological mode of action for the mixture of contaminants in the sample or extracts thereof. Hence, the inductions are a measure of exposure to toxic stress more than a direct descriptor of a significant biological effect.
By considering the induction of the umuDC and sfiA gene promoters in the bacterial gene profiling assay, some differences were found in comparison to the genotoxicity tests. These differences might have been caused by the different applied sample concentration as well as by the different test systems. None of the samples caused a significant fold-induction of the merR gene promoter, which is responsive to heavy metal stress. Therefore, the high lead contents of some samples do not provoke stress in bacterial cells at the concentrations tested. Nevertheless, one should keep in mind the much higher sensitivity of the merR promoter to cadmium and mercury as compared to lead.
Because drinking-water resources are located around Clausthal-Zellerfeld, the location of the former ammunition site, it is very important to consider the hazard to human health. Therefore, the mechanism of the toxic compounds in the human liver cell line hepG2 on the molecular level was determined based on the water extracts CWT-1a and CWT-1b and on an aqueous solution of 2,4,6-TNT. The gene expression profiles indicate the genes that take part in the early regulation (after 6 h) and in the late regulation (after 24 h); moreover, toxic mechanisms on the molecular level can be assessed.
Similar to all three test samples is activation of the detoxification metabolism in the hepG2 cells by inducing genes that encode phase I and phase II enzymes. During early regulation, mainly genes that are linked to the general stress response are expressed, but after 24 h of exposure, genes of the detoxification pathway dominate. Therefore, all three test samples disturb the hepG2 cells. The expression profiles generated by the CWT-1a water extract and the 2,4,6-TNT solution show the best concordance. Some genes are specifically induced after exposure to these two samples; these are genes that encode components of the extracellular matrix and the marker for protein aggregation and genes that have a connection to a heme group. Some genes also are specifically repressed, such as liver marker genes and the gene that encodes the ubiquitin ligase. Both samples contain 2,4,6-TNT, so these genes are specifically induced by this nitroaromatic.
Tchounwou et al. [37] previously analyzed the expression profile of 2,4,6-TNT in hepG2 cells, but with a lower number of genes. Those authors determined that 2,4,6-TNT caused protein perturbation and/or perturbation of the biosynthesis of proteins in hepG2 cells after 48 h of exposure, because the gene HSP70 was induced. They also found that 2,4,6-TNT induced the genes C-FOS, GADD153, and GADD45 and, therefore, interfered with the DNA sequence or the helical structure of the DNA. The HSP70.2 gene also was determined in the present work, as was the induction of the marker for protein aggregation, which also is a signal for protein perturbation. The genes C-FOS, GADD153, and GADD45 were not induced. Because we applied a 2,4,6-TNT concentration similar to that used by Tchounwou et al., it is possible that an exposure of 24 h is not long enough for the induction of these genes. Another conclusion of Tchounwou et al. [37] was that 2,4,6-TNT induces the detoxification pathway. We also found that 2,4,6-TNT stimulates the detoxification in human liver cells, but in the present study, 2,4,6-TNT was not solely responsible for the activation of the detoxification. Other components of the water extracts contributed to this process.
CONCLUSION
The present work shows that a combination of chemicalanalytical methods and bioassays is suggestive for determining the hazard posed by a sample and the success of soil remediation. Both the concentrations of nitroaromatics and the water-extractable ecotoxic and genotoxic potential of the soil are reduced significantly during remediation (Tables 2 and 4 ). The concentrations of nitroaromatics of the remediated soil CWT1c and the control soil CWT-1d are less than the detection limit (Table 1) . Nevertheless, the solid-phase extracts of the water extracts of these two soil samples are slightly genotoxic in the NM2006 test (Table 5 ). This result is confirmed by previous investigations of remediated samples from this site, which were genotoxic in this test system [4] . It remains unclear whether anthropogenic hazardous substances or natural substances like humic acids cause this low genotoxic potential in the NM2006 test. Nevertheless, all other bioassays applied here indicate that the remediation process is successful in reducing the water-extractable toxic potential (Tables 2 and 4 ).
In addition, the bacterial gene profiling assays, with their various end points, are a useful tool for studying the molecular mode of action in bacteria. They complement the results of the umu test, NM2009 test, and SOS chromotest. To study the toxic mode of action in humans, cDNA microarrays of human cell lines are a good alternative to tests with animals to obtain hints about the mode of action in humans. Furthermore, these gene profiling assays can be used to identify toxicants in environmental samples by quantifying similarities of these environmental samples and single toxicants (Fig. 1) .
